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When cells release hormones and neurotransmitters
through exocytosis, cytosolic Ca2+ triggers the fusion
of secretory vesicles with the plasma membrane. It is
well known that this fusion requires assembly of
a SNARE protein complex. However, the timing of
SNARE assembly relative to vesicle fusion—essential
for understanding exocytosis—has not been demon-
strated. To investigate this timing, we constructed
a probe that detects the assembly of two plasma
membrane SNAREs, SNAP25 and syntaxin-1A,
through fluorescence resonance energy transfer
(FRET). With two-photon imaging, we simultaneously
measured FRET signals and insulin exocytosis in
b cells from the pancreatic islet of Langerhans. In
some regions of the cell, we found that the SNARE
complex was preassembled, which enabled rapid
exocytosis. In other regions, SNARE assembly fol-
lowed Ca2+ influx, and exocytosis was slower. Thus,
SNARE proteins exist in multiple stable preparatory
configurations, from which Ca2+ may trigger exocy-
tosis through distinct mechanisms and with distinct
kinetics.
INTRODUCTION
Endocrine cells and neurons release hormones and neurotrans-
mitters through Ca2+-triggered exocytosis. In these cells, a rise
in intracellular Ca2+ causes secretory vesicles to fuse with the
plasma membrane and discharge their contents. Impaired
exocytosis can disrupt the capacity for homeostatic control of
multicellular organisms, as when the compromised secretion of
insulin results in diabetes mellitus (Ward et al., 1984; Vaag
et al., 1995; Kahn, 2004).
This type of exocytosis requires molecular handshakes
between three different SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins. Theyinclude VAMP, which is associated with the vesicle (a v-SNARE),
and syntaxin and SNAP25, which are associated with the plasma
membrane (t-SNAREs). Zippering of four coiled-coil domains
among the three SNAREs prompts the fusion of vesicular and
plasma membranes, yielding exocytosis (Augustine, 2001;
Jahn et al., 2003; Su¨dhof and Rothman, 2009). Neurons and
neuroendocrine cells, such as b cells in the pancreatic islets of
Langerhans, express neuronal SNAREs: SNAP25b, syntaxin-
1A, and VAMP2 (Lang, 1999; Gerber and Su¨dhof, 2002). Patients
with type 2 diabetes and animal models of the disease show
reduced expression of all three of these SNAREs (Ostenson
et al., 2006).
Although the participants and in vitro kinetics of SNARE
assembly are known, the timing of SNARE assembly relative to
Ca2+ entry and exocytosis has not been demonstrated in secre-
tory cells or neurons. Such studies are difficult because exocy-
tosis happens suddenly and sparsely across the surface of the
cell, involving small quantities of SNARE protein. The lack of
these key data hampers our understanding of Ca2+-dependent
exocytosis.
Given that Ca2+-dependent exocytosis of neurotransmitters is
rapid and SNARE assembly in vitro is slow (Fasshauer and
Margittai, 2004; Pobbati et al., 2006), it has been assumed that
the SNARE complex must be preassembled (Jahn and Su¨dhof,
1994; Neher, 1998; Chapman, 2008). However, recent studies
have shown that some vesicles undergo Ca2+-dependent exocy-
tosis without prior docking with the plasma membrane. These
findings indicate that SNARE preassembly is not required for
Ca2+-dependent exocytosis in b cells (Shibasaki et al., 2007;
Kasai et al., 2008) or chromaffin cells (Allersma et al., 2004;
Toonen et al., 2006). In addition, most large dense-core vesicles
(which may contain hormones, peptides, or other nonneuro-
transmitters) in presynaptic terminals are not docked to the
plasma membrane. These vesicles undergo slower exocytosis
than synaptic vesicles (Palay and Webster, 1991; Bruns and
Jahn, 1995). The mechanism of this slow exocytosis, which is
common to endocrine and neuronal cells, is not well understood
(Verhage and Sørensen, 2008).
To detect the assembly of SNARE proteins associated with
exocytosis, we constructed a fluorescence resonance energy
transfer (FRET) probe that can report the conformational stateCell Metabolism 12, 19–29, July 7, 2010 ª2010 Elsevier Inc. 19
Figure 1. Intramolecular FRET Probe for SNAP25
(SLIM)
(A) Construct of SLIM made of SNAP25b and two GFP
variants, CFP and Venus. The numbers below indicate
lengths of the three linker regions.
(B) Induction of intramolecular FRET when SLIM is assem-
bled with the SNARE motif of syntaxin-1A. Thick regions
of syntaxin and SNAP25 indicate formation of the
coiled-coil domains for assembly.
(C) Immunoprecipitation and blotting of SLIMs and
SNAREs purified from CHO-K cells. SLIM was incubated
with the SNARE motifs of syntaxin-1A (180–266) and
VAMP2 (1–92).
(D) One-photon fluorescent emission spectra of SLIM
excited at 433 nm in the absence (black) and presence
(red) of syntaxin-1A.
(E) Fluorescence ratios between Venus and CFP ([V/C]) of
SLIM two-photon excited at 830 nm in the absence and
presence of syntaxin 1A (180–266) and VAMP2 (1–92),
as indicated. The bars show values without (open bars)
and with (closed bars) treatment with Proteinase K, which
cleaves SLIM without affecting GFP variants. Experiments
were repeated 4–6 times. Error bars represent SEM. **p <
0.01 versus Flag-SLIM by two-tailed t test.
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imaging of the FRET signals and insulin exocytosis in the islets
of Langerhans. A two-photon microscope enabled multicolor
imaging and the optical resolution necessary to visualize exocy-
tosis within the islets (Kasai et al., 2006). b cells in the islet are
well suited for this analysis, as most insulin granules fuse
completely and are integrated fully into the plasma membrane
(Takahashi et al., 2002, 2004), unlike dissociated cells (Tsuboi
et al., 2000; Kasai et al., 2006).
We have found that assembly of the SNARE complex varies
from region to region across the cell. These regions were locally
and stably regulated in islet b cells. Regions with preassembled
SNAREs showed fast exocytosis in response to Ca2+. But Ca2+
also led to exocytosis in regions without preassembled SNAREs.
At these sites, Ca2+ triggered assembly of the SNARE complex,
and exocytosis was slower.
RESULTS
Intramolecular FRET Probes for SNAP25
We constructed a fluorescent probe that shows the conforma-
tional change in SNAP25 when it associates with syntaxin-1A
in a cuvette (Figure 1) and during exocytosis (see Figure S1).
The SNAP25 reporter linker mutant (SLIM) probe consists of
the fluorescent molecules CFP and Venus connected to
SNAP25b with flexible linkers of approximately equal length
(Figure 1A). As syntaxin-1A binds to the SNAP25b portion of
the probe, the fluorophores draw together, increasing FRET
between them (Figure 1B). When illuminated by light of the
proper wavelength, the relative levels of light emitted by CFP
and Venus indicate their closeness and, thus, whether SNAP25b
is in a complex with syntaxin.20 Cell Metabolism 12, 19–29, July 7, 2010 ª2010 Elsevier Inc.A similar FRET probe (SCORE) was reported previously but
failed to detect signals associated with exocytosis (An and
Almers, 2004). We have confirmed this point (Figure S1A) and
optimized the three linkers within the SLIM probe to monitor
conformational states in SNAP25 associated with exocytosis in
INS-1 cells (Figure S1B).
Purified SLIM protein binds the SNARE motifs of syntaxin and
VAMP in vitro (Figure 1C). The binding of syntaxin increases
FRET. That is to say, it increases the amount of energy from
CFP that is transferred to Venus (Figure 1D). The degree of SNARE
assembly was expressed as the ratio of fluorescent output from
Venus (515–560 nm) and CFP (400–490 nm) ([V/C], FRET value).
During subsequent ex vivo experiments, we obtained this ratio
using two-photon excitation. At 830 nm, the two-photon system
weakly excited Venus (10%) and efficiently detected FRET
between CFP and Venus (Zipfel et al., 2003). The presence of
syntaxin increased the fluorescence ratio by 25%, from 1.2 to
1.5. The ratio did not increase when the SLIM probe was predi-
gested with Proteinase K to separate CFP from Venus
(Figure 1E), confirming intramolecular FRET as the source of
the increase (Mochizuki et al., 2001).
Addition of VAMP2 caused the formation of a ternary SNARE
complex (Figure 1C), but did not further increase FRET
(Figure 1E). This insensitivity to ternary complex formation distin-
guishes SLIM from similar probes (An and Almers, 2004; Wang
et al., 2008). The difference may arise from the choice of linkers
in SLIM (Figure S1B), but is consistent with a recent study of
conformational changes in SNAP25 (Weninger et al., 2008). We
also confirmed that the FRET value of SLIM did not change
with the addition of VAMP2 without syntaxin-1A (mean ±
SEM = 1.25 ± 0.032 versus 1.23 ± 0.014, n = 15, p = 0.71).
Thus, SLIM can monitor the assembly of SNAP25 and syntaxin.
Figure 2. siRNA Knockdown of SNAP25 and Its Rescue by SLIM in INS-1 Cells
(A) Simultaneous three-channel imaging of cells with SLIM and Alexa 594. The external solution yields a saturated signal in the bottom right of Alexa 594.
(B) Anti-SNAP25 staining of control and siRNA-treated cells.
(C) Exocytosis of an insulin granule (arrowhead) in siRNA-treated cells transfected with siRNA-resistant SLIM. Exocytosis was induced by application of a high-K+
solution.
(D) Fluorescence profile of an exocytotic event detected with Alexa 594, as shown in (C).
(E) Frequency of exocytosis in cells under three conditions: control (n = 17), siRNA-treated (n = 37), and siRNA-treated with expression of siRNA-resistant SLIM
(n = 32). Error bars represent SEM. **p < 0.01 by Steel test.
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(Figure 2) during exocytosis. The assay was performed in
insulin-secreting INS-1 cells (Figure 2A) depleted of native
SNAP25 through siRNA knockdown (Figure 2B). Figure 2A
shows INS-1 cells transfected with SLIM cDNA and immersed
in a solution containing the fluorescent extracellular polar tracer
Alexa 594 for the detection of exocytosis. SLIM protein was
localized to the plasma membrane at the low expression levels
used in the present study (Figure 2A).
A single laser can excite both Alexa 594 and CFP (Figure 2A),
so the FRET signal can be recorded at exactly the same focal
volume and time point as the exocytotic event (Kasai et al.,
2005). This critical advantage of two-photon excitation enabled
us to detect small signals associated with conformational
changes of SNAP25 at the exact site of exocytosis. Fluorescent
emissions of Alexa 594, Venus, and CFP were detected at
570–650 nm, 515–560 nm, and 400–490 nm, respectively. Alexa
did not measurably interfere with the SLIM signal because Alexa
does not fluoresce at wavelengths shorter than 570 nm
(Figure 2A). By setting the focal volume of the two-photon image
at the surface of the cell, we detected exocytotic events as
sudden, discrete spots of Alexa 594 fluorescence (Figures 2C
and 2D). These transitory signals reflect the spread of Alexa
into the insulin vesicle at the moment of membrane fusion
(Takahashi et al., 2002; Hatakeyama et al., 2007; Kasai et al.,
2010).
The siRNA knockdown of native SNAP25 significantly reduced
the frequency of exocytotic events induced by high-K+ stimula-tion (Figure 2E). Exocytosis was rescued by expression of
siRNA-resistant SLIM. The rescue was observed in those cells
expressing SLIM (Figure 2E) (95.9 ± 17.2, n = 32) but not in unex-
pressed cells in the same culture (24.9 ± 5.3, n = 37, p < 0.001).
Consistently, the immunostaining with anti-SNAP25 antibody
(Figure 2B) was significantly reduced by siRNA, from 91 ±
5 A.U. (arbitrary units, n = 12) to 32 ± 3 A.U. (n = 11, p < 0.01),
and was rescued by expression of siRNA-resistant SLIM
(145 ± 21 A.U., n = 11, p < 0.01 versus siRNA-treated cells).
Immunoblot analysis with anti-SNAP25 confirmed the level of
SNAP25 protein was reduced to 17% of normal after siRNA
treatment. These results indicated that SLIM could replace
SNAP25 for exocytosis.
The Initial FRET Values and Fusion Readiness in the Islet
of Langerhans
In the next phase of the study, we examined b cells from primary
cultures of pancreatic islets of Langerhans. The intercellular
spaces within the islets are the physiological sites of insulin
exocytosis, and their clean, narrow structures (Kasai et al.,
2005) minimize noise for two-photon imaging. We introduced
SLIM to the islet cells using an adenoviral vector and immersed
the samples in a solution containing Alexa 594 (Figure 3A)
(Takahashi et al., 2002, 2004).
The FRET values varied over the surface of b cells (Figure 3B).
This distribution is fitted by the sum of two Gaussian functions
with means of 1.32 (blue) and 1.60 (red) and a standard deviation
of 0.125 (Figure 3C). The two peaks likely correspond toCell Metabolism 12, 19–29, July 7, 2010 ª2010 Elsevier Inc. 21
Figure 3. Spatial Distribution of FRET Values and Readiness for Insulin Exocytosis Induced with Glucose in the Pancreatic Islet
(A) Two-photon imaging of an islet infected with adenovirus carrying the SLIM cDNA and immersed in a solution containing Alexa 594. Brightly fluorescent traces
in the Alexa image represent capillaries in the islet.
(B) Spatial distribution of the FRET values ([V/C]) from the islet shown in (A). Numbers below the images indicate time after 20 mM glucose stimulation. The values
are shown on a grayscale: regions in which CFP fluorescence was less than 20 A.U. appear light blue. The sites of exocytosis in the first phase (red circles) and
second phase (blue circles) are indicated.
(C) Distribution of [V/C] values inside the islet shown in (B), fitted by two Gaussian functions.
(D) Number of exocytotic events versus [V/C] values. Gaussian functions with the same means and SD values as in (C) can roughly fit the data.
(E and F) Latency histograms of exocytotic events in high-FRET regions (E, [V/C]R 1.5, n = 225, three islets) and low-FRET regions (F, [V/C] < 1.5, n = 99, three
islets). The vertical axis represents the number of events per one cellular area of 800 mm2 per min.
(G and H) Mean FRET ratios at the sites of insulin exocytosis versus latency after glucose stimulation in control (G, n = 468, six islets) and acceptor-bleached islets
(H, n = 134, two islets). Error bars represent SEM. **p < 0.005 by Steel test.
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based on the [V/C] ratios for purified SLIM in vitro (Figure 1E).
These two configurations of SNAP25 appeared stable, as
FRET values across the cell changed little during a 10 min rest
(data not shown) or glucose stimulation (Figures 3B and S2),
except for very local changes induced by exocytosis, as
described below.
We induced Ca2+-dependent exocytosis in islet preparations
using physiological glucose stimulation (Figures 3 and 4) or by
uncaging a caged-Ca2+ compound (Figures 5 and 6). Glucose
stimulation raises cytosolic Ca2+ concentrations ([Ca2+]i) to
0.5–2 mM in 2 min by closing KATP channels (Hatakeyama
et al., 2006). Increases in [Ca2+]i persist for an extended period
and often induce exocytosis of insulin granules in two phases.
The first phase occurs within 5 min of glucose stimulation and
is followed by a second phase that tapers off after several addi-
tional minutes (Figures 3E and 3F, dashed lines). The phases22 Cell Metabolism 12, 19–29, July 7, 2010 ª2010 Elsevier Inc.involve different signaling mechanisms (Kasai et al., 2002,
2010; Kahn, 2004; Hatakeyama et al., 2006; Henquin, 2009).
Exocytosis occurred at locations across the range of recorded
FRET values (Figure 3D). However, notable differences emerged
between high-FRET and low-FRET regions in the latency and
frequency of exocytosis. Insulin vesicles fused more readily in
membrane regions with FRET values greater than 1.5 than in
membrane regions with FRET values less than 1.5 (Figures 3E,
3F, and S3A). A plot of mean FRET values versus latency of
exocytosis after glucose stimulation (Figure 3G) indicates this
trend. Statistical comparisons of the events before and after
200 s indicated significantly lower FRET values in later events
(Steel multiple comparison test, p < 0.005). Photobleaching of
the FRET acceptor, Venus, eliminated the FRET signal and the
detection of differences in exocytosis latency. Figure 3H
confirms that the observed ratio of 515–560 nm/400–490 nm
represents FRET between CFP and Venus.
Figure 4. Conformational Changes in SNAP25 Associated with
Insulin Exocytosis Evoked by High-Glucose Stimulation
(A) Representative fluorescence profile of an exocytotic event induced by
glucose stimulation and detected with Alexa 594.
(B and C) Event-related FRET signals calculated by ensemble averaging of
[V/C] data for events in high-FRET (B) and low-FRET (C) regions. Changes in
the averaged fluorescence between pre-exocytotic (15–5 s, blue line) and
postexocytotic (0–10 s, red line) periods were 0.1% ± 0.8% (n = 151, four
islets) and 2.9% ± 0.1% (n = 146, four islets, p < 0.01 by Mann-Whitney U
test) in (B) and (C), respectively. The arrow highlights the rise in FRET prior
to exocytosis.
(D) Dilution of FRET signal by SLIM molecules not associated with exocytosis.
The recording area was a circle with a diameter of 0.8 mm.
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2:1 (Figure 3C), the average frequency of exocytosis across
many regions was 1.5 times higher than that observed in low-FRET areas alone (Figure 3D). Thus, we calculated the frequency
of exocytosis in high-FRET regions to be three times greater than
in low-FRET regions.
Overall, FRET values indicated the readiness of the vesicle and
plasma membrane to undergo exocytosis. Vesicles preferentially
fused in high-FRET regions during the first phase after glucose
stimulation, but fusion occurred similarly in high-FRET and
low-FRET regions during the second phase.
Although FRET values varied around the peaks, such variance
is unlikely to represent intermediate states of SNARE assembly.
Rather, the variance represents a degree of scatter or noise that
is characteristic of FRET studies in biological preparations. As
a result of this noise, the correlation between exocytosis latency
and FRET value—which was significant across the entire range
of FRET responses (Figure S3A)—did not reach the level of
significance when the high and low ranges were considered
independently (Figure S3B). In addition, the number of exocy-
totic events was approximately proportional to the number of
pixels in high-FRET regions (red curves in Figures 3C and 3D)
and low-FRET regions (blue curves). These results suggest
that within each of these two populations, the scatter did not
reflect differences in fusion readiness. Furthermore, the FRET
responses were not noisy in cuvette experiments (Figure 1E),
supporting the interpretation that this scatter indicates variations
in the relative positions of CFP and Venus within the cellular envi-
ronment. We conclude that SNARE assembly is regionally regu-
lated and that the simplest possibility is that SNAP25 assembly
with syntaxin is either complete or absent.
We suggest that an exogenous construct, SLIM, can report in
real time the conformation of a native protein, SNAP25, in the
plasma membrane. This assertion rests on several observations.
First, to maximize the ability of the probe to function in this way,
we selected individual b cells with low levels of SLIM. In these
cells, initial FRET values were independent of the specific level
of SLIM expression (Figure S4). This cellular population mini-
mized the possibility that SLIM overexpression might depleteFigure 5. Conformational States and Changes
in SNAP25 Associated with Insulin Exocytosis
Evoked by Uncaging of the Caged-Ca2+
Compound NPE
(A) Two-photon imaging of the islet infected with
adenovirus carrying the SLIM cDNA and immersed
in a solution containing Alexa 594. Blue circles indi-
cate regions in which an exocytotic event was
induced by uncaging.
(B–E) Single exocytotic events with short (B, 1.2 s) and
long (D, 4.8 s) latency detected with Alexa 594, where
the FRET values were high (C) and low (E), respec-
tively.
(F and G) Latency histograms for exocytotic events in
high-FRET (F, n = 191) and low-FRET (G, n = 106)
regions. The red curve in (F) is the best fit of the
data with the sum of two exponential curves: 320
exp(t/0.8) + 20 exp(t/14). The red curve in (G) is
the best fit of the data with a single exponential curve:
32 exp(t/8).
(H) Averaged FRET values for early (n = 172) and late
(n = 127) events. Error bars represent SEM. They are
significantly different, with p < 0.001 by Mann Whitney
U test.
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Figure 6. Changes in FRET Values Associated with Insulin Exocy-
tosis Induced with Uncaging of the Caged-Ca2+ Compound NPE
(A) Representative fluorescence profile of an exocytotic event induced by the
release of caged Ca2+ and detected with Alexa 594.
(B and C) Event-related FRET signals calculated by ensemble averaging of
[V/C] data for events in high-FRET (B) and low-FRET (C) regions. Changes in
the averaged fluorescence between pre-exocytotic (15–5 s, blue line) and
postexocytotic (0–10 s, red line) periods were 0.1% ± 0.4% (n = 285, 25 islets)
and 3.1% ± 0.3% (n = 301, 39 islets, p < 0.01 by Mann Whitney U test) in (B)
and (C), respectively. The arrow highlights the rise in FRET prior to exocytosis.
The red dashed line in (C) shows an exponential function: 1  exp(t/3).
(D) Ca2+-related FRET signals calculated by ensemble averaging of [V/C] data
after uncaging in low-FRET regions with exocytosis. The change in the aver-
aged fluorescence ratio between preuncaging (15–0 s, blue line) and postun-
caging (0–20 s) was 2.2% ± 0.4% (n = 298, 39 islets, p < 0.01 by Mann-Whitney
U test). The red dashed line represents an exponential function: 1 exp(t/8).
(E) Ensemble-averaged images (n = 50) of exocytotic events detected by Alexa
594 where images were aligned at the center of the fluorescent spot.
(F) Ensemble-averaged images (n = 50) of FRET values obtained from the same
experiments shown in (A) after alignment of the images based on the Alexa
signals, as described in (E).
(G) Ca2+-related FRET signals calculated by ensemble averaging of [V/C] data
after uncaging in low-FRET regions without exocytosis. The trace is obtained
from five regions of interest with a diameter of 2 mm (0.2% + 0.2%, p = 0.27 by
Mann-Whitney U test).
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assembly status of native SNAP25. A low expression level was
also necessary for the selective localization of SLIM to the
plasma membrane. Second, the utility of SLIM as an index of
native SNAP25 is supported by data from INS-1 cells (Figure 2).
This function is consistent with our observation that the rates and
time courses of exocytosis are similar in cells with SLIM and in
controls (Figures 3E and 3F) (Takahashi et al., 2002; Hatakeyama
et al., 2006).24 Cell Metabolism 12, 19–29, July 7, 2010 ª2010 Elsevier Inc.Finally, the rationale for using SLIM was further confirmed by
studying the probe in INS-1 cells that expressed various
SNARE-related plasmids. The mean FRET values from SLIM
at the plasma membrane were significantly increased by syn-
taxin-1A (Figure S5) and decreased by SNAP25D26, a variant
of SNAP25 that does not support exocytosis. In contrast, the
FRET values were unaffected by overexpression of VAMP2 or
tetanus toxin, which cleaves VAMP2 (Figure S5). These observa-
tions are consistent with the idea that SLIM reports the binding of
SNAP25 with syntaxin-1A but not VAMP2.
Event-Related FRET Signals Preceding Insulin
Exocytosis
To analyze the conformational changes in SLIM associated with
glucose-induced exocytosis of a single vesicle, we averaged
more than 100 FRET traces after aligning them with the onset
of exocytosis as determined by two-photon imaging of Alexa
594 in four islets (Figures 4A–4C). Such a large data set was
necessary because of the inherent noise of FRET values
determined from a very small measurement volume. The calcu-
lated average overcame the noise associated with individual
traces (Figures S2B and S2C). In high-FRET regions, average
FRET signals were unchanged during exocytosis (n = 151)
(Figure 4B), an observation consistent with the interpretation
that SNAREs are already assembled in such regions (Figures
1E and 3C). In contrast, average FRET signals in low-FRET
regions increased during exocytosis (n = 146) (Figure 4C). This
increase preceded exocytosis by about 3 s (Figure 4C, arrow),
which supports the idea that SNARE assembly is a prerequisite
for exocytosis. The significant increases in FRET values were
detected also in the data obtained from each of the four islets
(Figures S6A–S6C), from which the average traces were
obtained (Figure 4), as well as in INS-1 cells (Figure S1A).
In b cells, the amplitude of the event-related increase in the
FRET signal was only 3%—much less than the 25% rise indi-
cated by the two peaks seen in steady-state FRET levels
(Figure 3C). This small increase persisted even after the full-
fusion exocytosis of insulin granules (Figure 4C) (Takahashi
et al., 2002), in which SNAREs must form a cis-complex (Jahn
et al., 2003; Su¨dhof and Rothman, 2009) to generate the maximal
FRET value. The persistence of the signal suggests that the
SNAREs stayed in the same position and were not immediately
disassembled.
We think the attenuated increase in event-related FRET
signals can be explained by the dilution of higher FRET values
by the balance of low-FRET values that were not involved
in exocytosis but were within the 0.8 mm diameter measure-
ment area (Figure 4D). Based on this assumption, we estimate
that the amount of SNAP25 participating in exocytosis is
about one-eighth (3%/25%) of the total SNAP25 within the
measurement region, which has a membrane area of 0.5 mm2
(0.42p mm2). Thus, SNAP25 is mostly assembled with syntaxin
across the entire high-FRET region, but in low-FRET regions,
assembly occurs only at the site of the fusion event.
SLIM Signals for Insulin Exocytosis Triggered
by Uncaging of NP-EGTA
We investigated the time course of the exocytosis-related FRET
signal by uncaging a caged-Ca2+ compound, nitrophenyl-EGTA.
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2004) triggered rapid exocytosis (Figure 5), which enabled us to
obtain images at shorter intervals (0.4 s) than was possible with
glucose stimulation (1.5 s). We noted that exocytosis induced by
uncaged Ca2+ was faster in high-FRET regions (Figures 5B and
5C) than in low-FRET regions (Figures 5D and 5E). Uncaged
Ca2+ induced exocytosis in a high-FRET region with a time
constant of1 s (Figure 5F), comparable to the rapid component
of exocytosis in previous studies (Takahashi et al., 1999, 2004).
The time constant of exocytosis in low-FRET regions was slower
(10 s) (Figure 5G). Averaged FRET values for early and late
events were significantly different (Figure 5H).
To analyze the conformational changes in SNAP25 caused by
the uncaging of Ca2+, we averaged more than 200 FRET traces
after aligning them with the onset of exocytosis. Individual traces
were too noisy to detect event-related FRET changes (Figures
5C and 5E). Within low-FRET regions, exocytosis (Figure 6A)
was preceded by FRET increases (Figure 6C, n = 301). By
contrast, FRET signals from high-FRET regions did not increase
(Figure 6B, n = 285). Within low-FRET areas, the event-related
rise in FRET led exocytosis with a time constant of 3 s (Fig-
ure 6C, arrow), similar to that observed with glucose-induced
exocytosis (Figure 4C). The significant increases in FRET values
were also detected in five data sets (Figures S6D–S6F), from
which the average traces were obtained (Figure 6). These
event-related increases in FRET were confined to the site of
exocytosis (Figures 6E and 6F), supporting the idea that
increased FRET reflects conformational changes in the SNAREs
responsible for exocytosis.
To determine if increased [Ca2+]i induces assembly of the
SNARE complex, we ensemble averaged the traces for low-
FRET events after aligning them with the onset of uncaging
(Figure 6D, n = 298). As expected, we found that FRET signals
gradually increased after uncaging, indicating that SNARE
assembly was induced by the rise in [Ca2+]i. The time constant
of SNARE assembly was about 10 s (Figure 6D), consistent
with that of the slow exocytotic events (Figure 5G). This similarity
suggests that SNARE assembly is the rate-limiting step for slow
exocytosis. Unlike a previous study that used SCORE in PC12
cells (An and Almers, 2004), we did not find immediate increases
in FRET when the rise in [Ca2+]i was unaccompanied by exocy-
tosis (Figure 6G).
DISCUSSION
Although SNARE proteins are considered to play a central role in
exocytosis, the hypothesized changes in conformation that
underlie exocytosis have never been demonstrated in a living
cell. Using two-photon microscopy to detect a probe in an ex
vivo preparation, we found that SNARE conformations are
controlled regionally, which in turn determined the regional read-
iness for exocytosis. Moreover, we demonstrated that SNARE
assembly shortly preceded exocytosis in some regions.
These results depended on the ability to detect FRET signals
while simultaneously visualizing individual exocytotic events
with two-photon extracellular polar-tracer (TEP) imaging. The
simultaneous detection of FRET and exocytosis enabled us to
synchronize and average the FRET signals from many exocytotic
events. Similar quantification would be more difficult with one-photon TIRF (total internal reflection fluorescence) (Steyer
et al., 1997; Oheim et al., 1999), which is not suited for precise
multicolor imaging (Schapper et al., 2003; Kasai et al., 2006).
Our results offer interpretations of earlier reports in endocrine
cells and neurons of exocytosis among vesicles that were not
docked at the plasma membrane before stimulation. The data
also hint at potentially new functions for the various molecular
interactions between SNAREs and their accessory proteins
(Pobbati et al., 2006; Brunger et al., 2009).
SNARE Assembly in Low-FRET Regions Enables
Ca2+-Dependent Exocytosis
Our study demonstrated that within low-FRET regions, a rise in
Ca2+ induces assembly of SNAP25 and syntaxin within 10 s
(Figure 6D), followed by exocytosis with a time constant of 3 s
(Figure 6C). Thus, the assembly of t-SNAREs (10 s) occurs
faster in vivo than was reported in vitro (>1 min) (Fasshauer
et al., 2002; An and Almers, 2004; Fasshauer and Margittai,
2004; Bhalla et al., 2006), presumably because of accessory
proteins in vivo. Although our probe is specific to t-SNAREs,
Ca2+ is likely to trigger assembly of VAMP as well (Figure 7A).
This conclusion is based on in vitro data showing that VAMP
assembly follows t-SNARE assembly (Fasshauer and Margittai,
2004; Brunger et al., 2009). In addition, most insulin granules in
b cells are not docked at the plasma membrane prior to stimula-
tion, as assessed by TIRF (Shibasaki et al., 2007; Kasai et al.,
2008). Without docked vesicles, VAMP would not encounter the
t-SNAREs.
Given that slow and fast insulin exocytosis both require large
(micromolar) increases in [Ca2+]i (Takahashi et al., 1997), we
suggest that Ca2+ triggers the binding of synaptotagmins and
t-SNAREs (SNAP25 and syntaxins). This trigger mechanism is
sensitive to micromolar concentrations of Ca2+ (Chapman
et al., 1995; Schiavo et al., 1997; Shao et al., 1997; Bhalla
et al., 2006). Thus, we suggest the following chronology: the
Ca2+-dependent interaction between vesicle-bound synapto-
tagmin and membrane-bound syntaxin and SNAP25 brings
these proteins together. This proximity facilitates the formation
of a 1:1 syntaxin/SNAP25 complex. The sequence from Ca2+
detection to binary complex assembly takes 10 s (Figure 7A).
This step is followed by the addition of VAMP to form the ternary
SNARE trans-complex, which leads to exocytosis in 3 s
(Figure 7A). The second step does not appear to require very
high [Ca2+]i, because it did not occur any faster with Ca
2+ uncag-
ing (10–30 mM increase in [Ca2+]i) than with glucose stimulation
(0.5–2 mM stimuli increase in [Ca2+]i) (Hatakeyama et al., 2006).
The free configuration (Figure 7A, first panel), in which SNAP25
and syntaxin remain unbound in the plasma membrane, is
consistent with studies of exocytosis in chromaffin cells. In this
neuroendocrine cell type, the slow, sustained component of
exocytosis was abolished by an antibody that blocked the
assembly of SNAREs (Xu et al., 1999b) or by inhibiting N-ethyl-
maleimide-sensitive fusion factor (NSF) (Xu et al., 1999a). NSF
disassembles the SNARE complex in an ATP-dependent
manner and restores the levels of free SNARE proteins. In
presynaptic terminals, NSF was required a few seconds prior
to neurotransmitter release (Kuner et al., 2008), leading the
authors to conclude that NSF continuously supplies unbound
t-SNAREs to the plasma membrane.Cell Metabolism 12, 19–29, July 7, 2010 ª2010 Elsevier Inc. 25
Figure 7. Three Preparatory Configurations of SNAREs for
Exocytosis
(A) A model for exocytotic events in low-FRET regions (free configura-
tion). SNAREs are unassembled before stimulation. Free SNAREs are
supplied by NSF. Micromolar increases in [Ca2+]i induce assembly of
t-SNAREs in 10 s (possibly due to Ca2+-dependent binding of syn-
aptotagmins with syntaxin and SNAP25, which brings them close
and induces their assembly), followed by formation of the ternary
SNARE trans-complex and by exocytosis in 3 s. The thick parts of
SNARE proteins denote the coiled-coil structures for the SNARE
complex. This configuration explains slow, sustained exocytosis
and the sequential exocytosis found in various secretory cells. Synap-
totagmin, while involved in exocytosis, does not appear in the
diagram, as its status is not examined in the present work.
(B) A model for exocytotic events in high-FRET regions (binary-
complex configuration). The binary syntaxin/SNAP25 1:1 complex is
formed before stimulation and stabilized, possibly by accessory
proteins such as Munc18, Munc13, or complexin. Ca2+ rapidly trig-
gers assembly of the ternary SNARE trans-complex and results in
exocytosis in1 s, possibly due to Ca2+-dependent binding of synap-
totagmins with t-SNAREs. This configuration may be utilized for
‘‘crash-fusion’’ events in b and chromaffin cells and secretion of large
dense-core vesicles in presynaptic terminals.
(C) The classical model for Ca2+-dependent exocytosis (trans-
complex configuration). The ternary SNARE trans-complex is formed
prior to the Ca2+ trigger. This configuration accounts for ultrafast
exocytosis of synaptic vesicles in presynaptic terminals and fast exo-
cytosis of large dense-core vesicles in Ca2+-primed chromaffin cells.
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‘‘Ca2+-primed’’ chromaffin granules, which occur in cells with
moderately elevated (>0.3 mM) resting [Ca2+]i (Voets et al.,
1999; Nagy et al., 2006). In such cells, granules slowly equili-
brated into the readily releasable pool of vesicles, as character-
ized by the anchoring of vesicles to the plasma membrane via the
ternary SNARE trans-complex (Figure 7C). By contrast, we
observed that t-SNAREs in the low-FRET regions of b cells main-
tained their free states even during the sustained rise in [Ca2+]i
(>0.3 mM) caused by glucose stimulation. Moreover, the
assembly of t-SNAREs to form a binary complex was induced
by large increases in [Ca2+]i (Figure 7A). These important differ-
ences indicate that slow exocytosis in pancreatic b cells employs
a unique molecular mechanism (Figure 7A) not found in chro-
maffin cells (Voets et al., 1999; de Wit et al., 2009).
The persistent, free configuration of t-SNAREs can also
explain sequential exocytosis. This phenomenon is associated
with the efficient diffusion of t-SNAREs from the plasma
membrane into the vesicular membrane at the time of fusion
(Takahashi et al., 2004; Pickett et al., 2005; Kishimoto et al.,
2006). The presence of t-SNAREs within the invaginated
membrane may enable the exocytosis of vesicles deeper within
the cell (Nemoto et al., 2001, 2004). Sequential exocytosis exists
in a variety of secretory cells, including pancreatic b cells (Orci
and Malaisse, 1980; Takahashi et al., 2004), chromaffin cells
(Furuya et al., 1989; Allersma et al., 2004; Kishimoto et al.,
2006), human neuroendocrine cells (Tran et al., 2007), PC12
cells (Kishimoto et al., 2005), pancreatic acinar cells (Ichikawa,
1965; Nemoto et al., 2001), mast cells (Alvarez de Toledo and
Fernandez, 1990), eosinophils (Hafez et al., 2003), and possibly
presynaptic terminals (Matthews and Sterling, 2008). Sequential
exocytosis may also be mediated through a binary-complex
configuration (Figure 7B), as described below.26 Cell Metabolism 12, 19–29, July 7, 2010 ª2010 Elsevier Inc.Ca2+-Dependent Exocytosis in High-FRET Regions
Unlike the slow development of exocytosis in low-FRET regions,
the uncaging of Ca2+ in high-FRET regions triggered exocytosis
in 1 s. The similarities between average FRET values for high-
FRET regions and in vitro data for the t-SNARE binary complex
shows that most SNAP25s in the high-FRET regions are assem-
bled with syntaxin. Since SLIM is insensitive to the addition of
VAMP, two mechanisms are possible: either Ca2+ triggers
the assembly of VAMP with the binary t-SNARE complex
(Figure 7B), or Ca2+ acts on the already assembled ternary
SNARE trans-complex (Figure 7C). The former binary-complex
configuration (Figure 7B) appears to play a dominant role in
high-FRET events, particularly during the second phase of
insulin secretion in b cells (Figures 3E and 3F), because insulin
vesicles are seldom docked to the plasma membrane during
the second phase (Ohara-Imaizumi et al., 2007; Shibasaki
et al., 2007; Kasai et al., 2008).
It is likely that Ca2+ facilitates the binding between synaptotag-
min and t-SNAREs, that the addition of VAMP to the binary
complex is efficient (Pobbati et al., 2006), and that this stepwise
addition triggers exocytosis more rapidly (Figure 7B) than does
the process of assembling free t-SNAREs (Figure 7A). The
binary-complex configuration can thus account for ‘‘crash-
fusion’’ events in b cells (Shibasaki et al., 2007; Kasai et al.,
2008) and chromaffin cells (Allersma et al., 2004; Toonen et al.,
2006). A crash-fusion event refers to the exocytosis of a non-
docked vesicle after a very short docking time. The rapid secre-
tion of large, dense-core vesicles from nerve terminals, in which
most vesicles are undocked, may also rest on the binary-
complex configuration (Palay and Webster, 1991; Bruns and
Jahn, 1995).
Some reports indicate that the further binding of syntaxin
with the 1:1 syntaxin/SNAP25 binary complex can form a 2:1
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2001; Fasshauer and Margittai, 2004). If this dead-end complex
predominated, the high-FRET events could not be as prevalent
in b cells as we observed them to be. Thus, our results indicate
that in living cells, high-FRET events require a stably maintained
syntaxin/SNAP25 1:1 binary complex. Accessory proteins such
as Munc18, Munc13, or complexin (Zilly et al., 2006; Weninger
et al., 2008) may help to stabilize this complex.
It is also possible that the ternary SNARE trans-complex forms
prior to stimulation (Figure 7C), a hypothesis that is consistent
with the classical idea of docked and primed vesicles (Martin,
1997; Verhage and Sørensen, 2008; Chicka et al., 2008; de Wit
et al., 2009). Assembly of the SNARE trans-complex is a prereq-
uisite for the extremely rapid secretion found in presynaptic
terminals (Augustine, 2001; Jahn et al., 2003; Su¨dhof and
Rothman, 2009) or for fusion events in Ca2+-primed chromaffin
cells (Voets et al., 1999). However, it is important to note that
the fastest exocytosis of insulin granules (1 s) (Takahashi
et al., 1997, 2004; Hatakeyama et al., 2007) remains orders
of magnitude slower than release events from Ca2+-primed
chromaffin cells (10 ms) (Xu et al., 1998; Voets et al., 1999) or
presynaptic terminals (0.1 ms) (Augustine, 2001). Moreover,
only a fraction of insulin granules are docked to the plasma
membrane, even during the earliest phase after high-K+ stimula-
tion (Shibasaki et al., 2007). These data suggest that free and
binary-complex t-SNARE configurations play major roles in
b cells. But to demonstrate the precise timing of the formation
of the trans-SNARE complex (Figures 7A–7C), we would need,
in addition to SLIM, a probe that could detect intermolecular
FRET between t-SNAREs and VAMP. The development of this
tool will be a major challenge for the future.
Our imaging study demonstrates the existence of at least two
preparatory configurations of SNAREs, each responding to Ca2+
with unique exocytotic mechanisms and kinetics. We showed
that these preparatory configurations can be stably maintained
at the regional level for more than 10 min. Thus, there must be
preparatory and priming mechanisms for these configurations
that are executed by proteins other than SNAREs (Martin,
1997; Neher, 1998; Augustine, 2001; Brunger, 2005; Su¨dhof
and Rothman, 2009). The molecular mechanism of the regional
regulation remains to be elucidated. The presence of multiple
preparatory configurations for SNARE-dependent exocytosis
may explain the wide range of reported values for the time
course of exocytosis (Kasai, 1999). It may also explain why the
first phase of insulin exocytosis is reduced in diabetes mellitus
(Ward et al., 1984; Vaag et al., 1995). In light of the current find-
ings, this specific pathology might reflect impairments in the
processes that prepare for high-FRET events (Figure 7). Thus,
our work has revealed mechanisms of regulated exocytosis,
clarified fundamental mechanisms of Ca2+-dependent exocy-
tosis, and provided insight into the pathobiology of secretory
cells and neurons.EXPERIMENTAL PROCEDURES
Construction of Plasmids and Experiments with INS-1 Cells
Construction of siRNA for SNAP25 and plasmids for SLIM, mutant SLIM,
SNAP25D26, syntaxin, and VAMP2 as well as experiments with INS-1 cells
are described in Supplemental Information.Two-PhotonExcitation Imaging (Simultaneous Three-Color Imaging)
Two-photon excitation imaging was performed with an inverted laser-
scanning microscope (FV1000 and IX81, Olympus, Tokyo) equipped with
a water-immersion objective lens (UPlanApo60xW/IR; N.A. 1.2, Olympus)
and a femtosecond laser (MaiTai, Spectra Physics; Mountain View, CA). Fluo-
rescence of Alexa 594, Venus, and CFP was excited at 830 nm and detected at
570–650 nm, 515–560 nm, and 400–490 nm, respectively.
The fluorescence intensities within the CFP and Venus channels
(400–490 nm and 515–560 nm, respectively) were obtained. The recorded
12-bit TIFF images were converted into 16-bit data and analyzed with IPlab
(Scananalytics; Billerica, MA) software. The intensities of autofluorescence
for both channels were measured in several cells that did not express SLIM,
and their average values were subtracted from the fluorescence intensity in
both channels. We masked those pixels that had a fluorescence intensity
less than 30 AU for either CFP or Venus channel in Figure 3B. The ratios of
Venus and CFP were then obtained and filtered by median-filter with the size
of 3 by 3 pixels. The ratio images are pseudocolor-coded. The FRET traces
were obtained from a circular region of interest with a diameter of 0.8 mm.
Experiments with Pancreatic Islets
Pancreatic islets were isolated from ICR mice (>8 weeks old) with collagenase
digestion (Sigma-Aldrich, St. Louis) as described previously (Takahashi et al.,
2004). An adenoviral vector encoding SLIM was constructed as described
previously (Sudo et al., 1999). The islets were infected with adenoviral vector
(7 3 107 pfu/ml) carrying the cDNA for SLIM for 2 hr in serum-free culture
medium, washed, and incubated for an additional 10–18 hr in DMEM (glucose
1 g/l) supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml strep-
tomycin. Before imaging, the islets were transferred onto thin (0.1 mm) glass
coverslips (Matsunami-glass; Osaka, Japan) in the recording chamber.
The standard external bathing solution (Sol A) contained 150 mM NaCl,
5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM HEPES-NaOH (pH 7.4), and
2.8 mM glucose, and to detect exocytosis, we added 0.5 mM Alexa 594 hydra-
zide (Invitrogen; Carlsbad, CA). A solution containing 20 mM glucose was
prepared from Sol A by adjusting the osmolarity with deionized water to
310 mosmol/l. Uncaging experiments were performed under yellow light illumi-
nation (FL40S-Y-F; Panasonic, Tokyo) to prevent unintended photolysis of
NPE. The acetoxymethyl ester (AM) of NPE was dissolved in DMSO at
10 mM concentration. Islets were loaded with these compounds by incubation
for 30 min at 37C in serum-free DMEM containing 25 mM NP-EGTA-AM,
0.03% cremphor EL (Invitrogen), and 0.1% BSA, then washed with Sol A.
Photolysis of NP-EGTA was induced with a brief flash (0.2 s) of a mercury
lamp (IX-RFC, Olympus). Acceptor bleaching was performed with the same
mercury lamp using a 510–550 nm band-pass filter. Imaging experiments
were performed at room temperature (24C–25C). The experiments were
approved by the Animal Experiment Committee of the University of Tokyo.
Statistical Analysis
Statistical analysis was performed with the Kruskal-Wallis test (p < 0.01) fol-
lowed by the Steel test for multiple comparisons with a control value (Figures
2E, 3G, and 3H). A correlation coefficient was calculated and its significance
was confirmed with the Spearman test (Figures S2A, S3A, and S4A). The
Mann-Whitney U test was done for Figures 4B, 4C, and 6B–6D.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/
j.cmet.2010.05.013.
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